The WZ21 and the WZ72 magnesium alloys containing long period stacking ordered (LPSO) phase extruded with an extrusion ratio of 4:1 at 350
Introduction
Nowadays, magnesium (Mg) alloys with long-period stacking-ordered (LPSO) phase received high scientific interest due to their improved mechanical properties compared to commercial Mg alloys. After simple hot extrusion process, a Mg-Y-Zn ternary alloy can exhibit yield stress higher than 300 MPa and reasonable ductility between 5 and 10% [1] [2] [3] .
During extrusion, a significant texture with basal planes oriented parallel to the extrusion direction (ED) is formed. This kind of texture promotes nucleation of (10) (11) (12) extension twinning when compression loading is applied along ED [4] [5] [6] . The plasticity of the Mg alloys is mainly controlled by basal and prismatic a slip [7] . The activation of a c + a slip is rather difficult owing to high critical resolved shear stress (CRSS), and therefore deformation twinning is needed to accommodate the deformation out of the basal plane. On the other hand, the presence of the LPSO phase, which is formed by chemically ordered stacking faults, may delay or inhibit twin nucleation in the Mg matrix [8, 9] .
The deformation mechanisms of the LPSO phase were also investigated. It is believed that the LPSO phase deforms mainly by (0001) 1120 basal slip [2] . It was showed that Young's modulus of the LPSO phase (≈ 67 GPa) is higher than that of the Mg matrix (≈ 40 GPa) [10, 11] . Consequently, the LPSO phase strengthens the material. According to Hagihara [12] , the strengthening mechanisms are similar * corresponding author; e-mail: horvathk@karlov.mff.cuni.cz to the short-fiber reinforced composites, where load transfer from the matrix to the stiffer fibers takes place.
The deformation behavior of Mg alloys with the LPSO phase is not completely understood, yet. Therefore, we applied acoustic emission (AE) measurements in order to reveal active deformation mechanisms during compression loading. Despite the different character of the AE signals from individual sources: twinning produces a burst signal, whereas the dislocations slip a continuous one; it is not an easy task to separate them. Several statistical algorithms were developed for this purpose [13] [14] [15] . In this work, we used an adaptive sequential k-means (ASK) procedure developed by Pomponi and Vinogradov [15] . It determines the dominant deformation mechanism in a given time period by processing the raw (not filtered) AE signal.
The initial microstructure was studied by using scanning electron microscopy (SEM). Inverse pole figure (IPF) maps and kernel average misorientation (KAM) maps were calculated using electron backscatter diffraction (EBSD) measurements. The KAM values are good indicators of localized strain in materials and are useful for characterization of the initial state of the materials [16] .
Experimental methods
The WZ21 (Mg + 1.8 wt%Y + 0.7 wt%Zn, Mg 97 Y 0.5 Zn 0.25 in at.%) and the WZ72 (Mg + 6.9 wt%Y + 2.5 wt%Zn, Mg 97 Y 2 Zn 1 ) magnesium alloys having an addition of 0.5 wt% of CaO were cast in KITECH (Korea). The cast billets were extruded with an extrusion speed of 0.5 mm/s and an extrusion ratio of 4:1 at 350
The deformation tests were carried out using a universal testing machine INSTRON ® 5882 at room temperature (RT) with a constant strain rate of 10 −3 s −1 . The samples with a length of 15 mm and a diameter of 10 mm were compressed along ED.
The AE activity during deformation tests was monitored by a computer-controlled MICRO-II system developed by Physical Acoustics Corporation (PAC), which allows a continuous storage of AE signals with a sampling frequency of 2 MHz. A piezoelectric MIDI-410-61 sensor (ZD RPETY-DAKEL) with a diameter of 6 mm was used. The AE sensor was attached to the sample with a help of a clamp. High signal/noise ratio was ensured by using a 60 dB preamplifier.
For microscopic observations, the samples were ground on SiC papers and subsequently polished by diamond pastes down to 0.25 µm particle size. Finally, the specimens' surface was polished by argon ions (Gatan PIPS™) which enable EBSD measurements. The EBSD mapping was provided at FEI Quanta 200 FX scanning electron microscope equipped with EDAX EBSD camera and OIM software was utilized for EBSD observations.
Results
The EBSD IPF maps of the extruded WZ21 and WZ72 alloys are presented in Fig. 1a and d, respectively. Non-indexed areas correspond to confidence index (CI) < 0.1 which indicates on multiple diffractions and thus an occurrence of the LPSO phase. The microstructure of both alloys is rather complex. It contains the LPSO phase elongated along ED, Mg-matrix having a bimodal microstructure with coarse grains elongated along ED and small dynamically recrystallized (DRX) grains. The volume fraction of the LPSO phase and that of the DRX grains are higher in the WZ72 alloy than in the WZ21 alloy. The grain size of the DRX grains is (1.23 ± 0.06) µm for the WZ21 alloy and (1.08 ± 0.04) µm for the WZ72 alloy. In Fig. 1b and e the KAM maps of the WZ21 and the WZ72 alloys are shown. The KAM value is very heterogeneous in the coarse grains for both alloys. In the WZ21 alloy with wide coarse grains, KAM values increase from the center of the grains to the edge. The DRX grains are more homogeneous compared to the coarse ones.
The (0001) and (1010) pole figures calculated from the IPF maps are shown in Fig. 1c and f for the WZ21 and the WZ72 alloys, correspondingly. In the WZ21 alloy, the basal planes form two distinct maxima in the (0001) pole figure with higher intensity than that in the WZ72 alloy. In the (1010) pole figure, three main maxima can be seen; one of them is in the center of the pole figure and two others symmetrically tilted by 30
• from the center. The WZ72 alloy also has a basal texture with basal planes symmetrically distributed around ED in the (0001) pole figure.
The time dependence of the AE signal and the compression stress are plotted in Fig. 2a for the WZ21 alloy and in b for the WZ72 alloy deformed along ED. The deformation curve of the WZ21 alloy has an S-shape, typically observed during compression of extruded Mg alloys. The stress plateau after the yield point is followed by rapid strain hardening. This effect is less pronounced for the WZ72 alloy and the inflection point is shifted towards higher stresses. The yield stress and ultimate compression stress are higher for the WZ72 alloy than for the WZ21 alloy. Stronger AE signal (higher amplitudes) are measured during deformation of the WZ21 alloy (please note the different scale in Fig. 2 ). The maximum of the AE response is measured slightly before the yield point and its intensity rapidly decreases afterward in both alloys. During plastic deformation, only a few low amplitude signals are detected. Figure 3 shows the time evolution of the cumulative number of elements (a) and the cumulative energy (b) of different clusters for the compression loading of the WZ21 alloy. Figure 4 shows the same for the WZ72 alloy. The significant difference between the time evolution of different clusters helps to link deformation mechanisms to them. Cluster 1 (noise) naturally occurs first, already before the start of the experiment. When deformation starts other clusters are activated. The number of elements in cluster 1 (noise) starts to increase again when the AE amplitudes are very low (see Fig. 2 ).
This underlines that the signal of the respective mechanism dominates the assignment to a specific cluster. It does not mean that the mechanisms that do not dominate the AE signals are not active. They just do not dominate the signal at that moment.
In the WZ21 alloy (Fig. 3) , at the onset of straining an increase of the number of elements in cluster 2 (twinning) is found. After the yield point, during the stress plateau, a distinct increase in the number of cluster 3 elements (basal slip) takes place. With proceeding plastic deformation, the number of elements in cluster 4 (nonbasal slip) starts to increase. After the inflection point, a number of elements of all clusters start to increase again.
During the compression of the WZ72 alloys (Fig. 4) , first, the number of elements in cluster 3 (basal slip) start to grow. Before the yield point, cluster 2 (twinning) takes over the dominance of the AE signal till its offset at the yield point. At this point, the number of elements in cluster 3 (basal slip) and cluster 5 (LPSO) starts to increase. At the later stage of deformation, the number of elements of cluster 3 (basal slip) and cluster 4 (non-basal slip) increases until the end of the deformation simultaneously.
The development of the cumulative energies (Figs. 3b and 4b) of different clusters is qualitatively the same as the case of the number of elements. However, it can help to reveal which deformation mechanism gives a higher impact to the deformation than others.
Discussion
The bimodal microstructure observed in Fig. 1 is the result of the applied extrusion process. It was reported in [4] that the low extrusion speed and/or low extrusion ratio could lead to the formation of such microstructures. It was suggested in [17] that during extrusion DRX grains firstly occur at the edge of the initial coarse grains and then develops towards the inner parts. This statement is in good agreement with our results and with the KAM maps in Fig. 1 . The high KAM values in the initial coarse grains suggest that large plastic strain is stored in them before the start of the DRX process. DRX releases energies accumulated by plastic strain and refines the grain size [18] . The KAM values are significantly lower in the center of the large grains of the WZ21 alloy than at their boundaries. Therefore, the DRX process starts at the edge of the initial grains and high angular grain boundaries are formed. Some DRX grains can be found with high KAM values what indicates that these grains underwent further deformation. It can be summarized that with increasing content of alloying elements the volume fraction of the initial coarse grains is reduced at the expense of the DRX grains and the LPSO phase.
Both alloys exhibit a typical basal texture with basal planes oriented parallel to ED. It was shown in some studies [1, 8] that the main contributors to this texture are the initial coarse grains. Therefore, the reduction of their volume fraction results in texture weakening of the WZ72 alloy compared to the WZ21 alloy.
The S-shaped compression curve of the WZ21 alloy is a typical sign of twinning activity. It was reported in [8, 9] that the presence of the LPSO phase can inhibit or delay twin formation in the Mg matrix. It is consistent with the shape of the deformation curve for the WZ72 alloy. It is also known that the high twinning activity results in lower yield stress [19] . As it was mentioned, the LPSO phase strengthens the material. These statements are consistent with the higher yield and ultimate compression stress for the WZ72 alloy than for the WZ21 alloy.
It is well documented that twin activation is an excellent source of AE, generating high amplitude AE signals [20, 21] . From the raw AE signal, presented in Fig. 2 , we can assume that twinning controls the yield in the WZ21 alloy. Contrary to twin nucleation their growth cannot produce detectable AE signal [22, 23] . Moreover, newly formed twins are obstacles for moving dislocations and thus the reduction of their mean free path reduces the AE signal [5] . These effects result in the low AE response above the yield point.
The AE signal detected for the WZ72 alloy is significantly lower compared to the WZ21 alloy. The influence of the grains size on AE response is well documented [5, 19] . As the result of a high fraction of grain boundaries, which are obstacles for dislocation motion, the AE response decreases with decreasing average grain size. The lower fraction of coarse grains in the WZ72 alloy compared to the WZ21 alloy reduces the amplitude of the AE signal.
The findings above are verified by the results of ASK analysis. The WZ21 alloy favors twin nucleation as the dominant mechanism at the yield point. From the high cumulative energy of twinning, it can be assumed that twinning takes place in the initial coarse grains, which are well oriented for activation of (1012) extension twinning. When twin nucleation is not the dominant mechanism anymore (after the yield), basal slip grows to some significance. It is well documented that extension twinning causes a crystal lattice re-orientation of 86.3
• around the (1012) plane and plastic deformation is realized by a dislocation slip in the reoriented basal planes [24] . As the re-orientation of basal planes continues basal slip is not enough to accommodate the strain anymore and nonbasal slip is activated. The later stage of deformation is controlled by the simultaneous activity of the basal and non-basal slip systems.
The first dominant deformation mechanism in the WZ72 alloy is the basal slip. Similarly to the WZ21 alloy, the yield is controlled by twinning. Contrary, the number of twinning elements is significantly lower compared to the WZ21 alloy due to the lower fraction of coarse grains and the higher fraction of the LPSO phase than in the WZ21 alloy. The cumulative energy of twinning is also lower than that of the WZ21 alloy which is in good agreement with a smaller grain size of the coarse grains. After the yield point when twin nucleation is exhausted, a new cluster, linked to the deformation of the LPSO phase, starts to be dominant in the AE signal. It was shown in some papers that Young's modulus of the LPSO phase is higher than that of the Mg matrix [10, 11] . The onset of cluster 5, around 330 MPa, could be linked to the start of the deformation of the LPSO phase. The main deformation mechanism of the LPSO phase is believed to be the formation of kink bands [2, 3] . Besides, the formation of microcracks was reported in Mg 85 Zn 6 Y 9 alloy already around the yield [25] . The relatively low number of elements of cluster 5 has rather high cumulative energy, which suggests that besides kinking a microcracking of the LPSO phase could take place. When cluster 5 is exhausted the basal slip starts to be dominant again and with further deformation non-basal slip is activated, too.
Conclusions
• The small extrusion ratio of 4:1 and a slow extrusion speed of 0.5 mm/s lead to a formation of the bimodal microstructure of Mg matrix. The KAM maps proved that the dynamic recrystallization starts at the grain boundaries of the coarse grains.
• The increasing amount of alloying elements increases the volume fraction of the LPSO phase and results in improved mechanical properties.
• Twinning plays a minor role in yielding of alloy with the higher volume fraction of the LPSO phase. The plastic deformation of the studied alloys is controlled by simultaneously active basal and nonbasal slip.
